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ABSTRACT 

The fracture strain for boron on tungsten fibers can be improved 
by heat treatment under vacuum or argon environments. The mechani- 
cal basis for this improvement is thermally-induced axial contraction 
of the entire fiber, whereby strength- controlling core flaws are com- 
pressed and fiber fracture strain increased by the value of the contrac- 
tion strain. By highly sensitive measurements of fiber density and 
volume, the physical mechanism responsible for contraction under both 
environments was identified as boron atom diffusion out of the fiber 
sheath. The fiber contracts because the average volume of the resulting 
microvoid was determined to be only 0. 26±0. 09 the average atomic vol- 
ume of the removed atom. The basic and practical implications of these 
results are discussed with particular emphasis on the theory, use, and 
limitations of heat-induced contraction as a simple cost-effective second- 
ary processing method. 


INTRODUCTION 

In a previous report it was demonstrated that the fracture parame- 
ters for commercial boron on tungsten fibers could be significantly im- 
proved by simple secondary processing methods (1). These methods 
were based on the observation that the two major sources for fracture 
of commercial 203 p, m diameter fibers were flaws within the as- 
fabricated surface layer and flaws within the 17 /im diameter tungsten 
boride core (2). The surface flaws were found to control the as-received 
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fracture parameters of 3.6 GN/m for the average fracture strength 
cr-p and ~20% for the strength coefficient of variability (COV). Once 
surface flaws were removed by a slight etch, essentially all fractures 
were observed to be core flaw -initiated and the fracture parameters 
improved significantly to Op - 4. 3 GN/m and COV < 5%. To produce 
further improvement, secondary processing methods were utilized 
which took advantage of physical mechanisms operating within the boron 
sheath to induce axial contraction of the entire fiber and compression 
of the elastic core. In these cases crp was increased by an amount 
equal to Ee z where E is the fiber modulus and e z is the process- 
induced axial contraction strain. Thus for the easily attained c z value 
of 0. 3%, the Op for processed fibers was observed to increase to 
5. 5 GN/m^. Because fracture was still controlled by core flaws, the 
COV remained at the low core -related value of less than 5%. 

Four methods were employed to produce fiber contraction. These 
were discriptively labelled as Etch, Etch-Heat, Heat -Vacuum, and 
Heat -Argon. The Etch method consisted of surface layer removal by 
immersion of the as -received commercial fiber in nitric acid near 100° C. 
This process not only eliminated flaws in the as-fabricated surface but 
also produced fiber contraction due to elastic relaxation of residual 
stresses within the bulk of the boron sheath (3). In the Etch-Heat 
method the etched fiber was subsequently heat treated to 700° C, pro- 
ducing additional contraction by thermally-induced anelastic relaxation 
of the residual stresses (1). Total axial contraction available from the 
two etch methods was about 0. 2%. 

For the Heat -Vacuum method the as-received fiber was heated under 
high vacuum between 700° and 1200° C. This treatment not only produced 
large contractions (over 1%) but also resulted in the growth of surface 
crystals which had to be eliminated by a deep final etch. To avoid the 
crystal problem, the Heat -Argon method was developed in which com- 
mercial fibers were resistively heated to 1000° C in argon gas. This 
method not only left the fiber surface visibly unchanged but also produced 
large axial contractions (over 0. 8%) at a faster rate than the Heat-Vacuum 
method. In contrast to the two Etch methods in which contraction could 
be attributed to residual stresses, the physical mechanisms controlling 
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contraction in the Heat -Vacuum and Heat -Argon were undetermined. 
Nevertheless, for contraction strains up to 0. 3%, a one-to-one relation- 
ship was found between the value and the increase in fiber fracture 
strain. However, for e z greater than 0. 3%, deterioriation in fracture 
strain was observed rather than improvement. 

Recognizing the possible potential of secondary heat treatment as a 
simple strength improvement technique, our primary goal in this study 
was to identify the physical mechanisms responsible for the axial con- 
tractions observed during Heat -Vacuum and Heat -Argon processing. 

It was anticipated that such identification would explain not only the large 
contraction strains available from these processing methods but also the 
apparent practical limit of 0. 3% for improving fracture strain. An under- 
standing of contraction was especially important for the Heat -Argon 
method which appeared to be cost-effective (1). Because a possible con- 
traction mechanism was considered to be thermally-induced fiber densi- 
fication, the principal experimental tool of this work was a liquid density 
gradient column which was used for highly accurate measurements of 
boron fiber density as a function of contraction. Wherever possible, the 
density and axial strain data were augmented with radial strain data to 
ascertain volumetric changes and develop plausible models. 

EXPERIMENTAL 

The specimens used in this study were 203 /im (8 mil) diameter 
commercial fibers produced by Avco Systems Division. These fibers 
were chemically vapor deposited in a single stage reactor by the hydro- 
gen reduction of boron trichloride onto a resistively heated tungsten 
wire substrate which passed continuously through the reactor (4). During 
deposition the original 13 /im (0. 5 mil) timgsten substrate became com- 
pletely borided to form a 17 /im (0.67 mil) diameter core with two phases: 
WgBg and a mixture of WB^ and boron (5). 

For the Heat-Vacuum method, a batch of as-received fiber specimens 
with lengths of ~80 mm were supported vertically in open-ended 20 mm 
long quartz tubes (1) and then heat-treated for various times between 900° 
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and 1200° C in a high vacuum furnace (lO"^ to 10” 6 torr). Before and 
after heating, the lengths of two to four different fibers were measured 
to ±0.003 mm with a traveling optical microscope in order to determine 
the heat-induced axial contraction strain. 

For the Heat-Argon method, long single fibers were held vertically 
in a static reactor similar to that employed for fiber production (1). 

With nominally pure argon gas (99. 995%) flowing at one atmosphere 
through the reactor, the fibers were resistance heated for various times 
between 800° and 1000° C. Fiber axial contractions at temperature were 
measured continuously with a traveling microscope located at the fiber 
end protruding from the bottom cap of the reactor. The heated fiber 
lengths were varied between 16 and 60 cm in order to determine and 
correct for any effects from non-heated portions on axial strain measure- 
ments. Argon flow rates between 20 and 200 cm /min were employed 
with no apparent effects on heat-induced contractions. For both heat 
treatment methods, temperature was measured with an optical pyrometer. 

During the course of the reactor studies, it was observed that for 
temperatures greater than 1000° C, fiber breakage would occur in about 
2 minutes at the top jewel which separated the heated fiber from the mer- 
cury reservoir. Because impurities in the argon were considered a 
possible source of the premature breakage, a hot titanium getter (900° C) 
was inserted in the argon gas line to reduce the impurity level. This 
procedure, however, did not eliminate the problem, making it necessary 
to employ furnace heating in order to process fibers at temperatures 
over 1000° C in argon. Thus, as in the Heat-Vacuum method, 80 mm 
long fibers were placed into quartz tubes and then inserted into a furnace 
containing either ,, pure M or Ti-gettered argon. 

For accurate measurement of the density of the fibers before and 
after contraction, a liquid density gradient column was prepared accord- 
ing to ASTM test D 1505 (Method C). Final density distribution ranged 
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from 2. 25 to 2. 50 g/cm with a gradient of 0. 0003 g/cra per mm of col- 
umn height. Linearity was excellent as evidenced by five evenly spaced 

O 

calibration floats accurate to 0. 0001 g/cm . Before each measurement 
the ends of the fiber were mechanically squared as much as possible in 
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order to avoid density errors caused by overexposure or underexposure 
of the highly dense core region. However, for the fiber lengths employed 
(2 to 3 cm), it was estimated that unprepared fiber ends would at worst 

O 

produce a density error of only 0.0005 g/cm (as measured at the fiber’s 
center of gravity). 

To develop a theory for the density and contraction data of the Heat- 
Argon method, it was necessary to make accurate fiber diameter mea- 
surements before and after heat treatment. Because of the rough surface 
and small diameter of the fibers, optical measurements could not achieve 
the required accuracy. For this reason effective diameter determinations 
were made by combining the highly accurate density measurements with 
highly accurate mass and length measurements. The typical procedure 
was first to measure length of approximately 30 mm long fiber specimens 
with the traveling microscope (error = 1X10"^). The specimens were 
then weighed on a sensitive (0. 1 ng) electrobalance (error = 5X10”^). 
Finally the specimens were inserted into the density column (error = 
1x10“^). Thus, the effective diameter measurements were estimated to 
have an error of less than 2X10”^. 

RESULTS AND DISCUSSION 


Heat-Vacuum Method 

Table 1 lists axial strain and density data for as-received 203 /im 
diameter boron fibers after heat treatment under high vacuum. Each 
specimen was cleaned in methanol before heat treatment and before den- 
sity measurement. Due to the low vapor pressure of boron (6), it was 
assumed that negligible loss of fiber mass occurred during the vacuum 
processing. The initial axial strain of the as-received fiber was taken 
to be zero. Treatment-induced strains were considered negative if con- 
tractive and positive if expansive. Density of the as -received fibers 

Q 

was determined to be 2. 4099±0. 0003 gm/cm . This density was due in 
most part to an average density of 2. 3465 g/cm for the amorphous boron 
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sheath (5). The small core contribution to the density data (+0. 0634 
gm/cm^) was assumed to remain constant during processing because 
no changes were observed in the core diameter as measured optically. 

O 

The one density data point over 2. 50 gm/cm was determined from 
extrapolation of exponential time-of-fall data through the density column. 
Also included in Table 1 are density data after vacuum heat-treatment 
at 1320° and 1700° C where recrystallization effects are known to occur 
in the amorphous boron sheath (7, 8). 

From the data of Table 1, it is clear that the Heat -Vacuum 
contraction was controlled by a thermally-activated mechanism. That 
is, for constant processing time, small temperature changes produced 
large increases in contraction. This behavior is also evident in Fig. 1 
where the data are plotted versus the various time -temperature 
conditions. The fact that an order of magnitude change in processing 
time shifted the e 2 curves by the same 1/T amount indicates that the 
mechanisms responsible for contractions between 0. 3 and 1.0% were 
controlled by a single activation energy. In our previous report (1), 
we employed the data of Fig. 1 to determine that this energy was 
3. 1±0. 2 eV. There was insufficient data for determining activation 
energies for contractions below 0. 3%. 

Regarding density changes during Heat -Vacuum processing, the 
Fig. 2 plot of density p versus contraction strain indicates that p was 
dependent only on the magnitude of e_ and was independent of the time- 
temperature conditions employed to obtain e . For contractions less 
than 0. 4%, no increase in density was observed. To the contrary, the 
data near 0.2% suggest a slight drop in density. Thus, during the early 
stages of vacuum processing, fiber contraction was not accompanied by 
an increase in fiber density but perhaps by a slight decrease. A possible 
mechanistic model to account for these observations could be as follows. 

During initial processing when contraction strains were low, boron 
atoms diffused out of the sheath onto the fiber surface, leaving micro- 
voids within the amorphous sheath. The atoms surrounding the micro- 
voids relaxed to partially fill the microvoid volume, thereby producing 
axial and radial contraction and a smaller fiber density. The radial con- 
traction would not be observable because the extra boron atoms on the 


surface produced a net increase in fiber diameter. The extra atoms 
on the fiber end surfaces had negligible effect on the axial contraction 
measurements because the estimated added thickness is of the order of 

q 

1 iim and the measured length change was of the order of 10° /im. 

For contractions greater than 0. 4%, Fig. 2 indicates a net densifi- 
cation for the processed fibers. As previously discussed, one problem 
with the Heat -Vacuum method was that as contraction increased, crystals 
began to appeal' on the fiber surface in greater number. The optical 
photographs of Fig. 3 show the growth morphology of these crystals with 
increasing temperature. Two distinct crystal types were observed: a 
large size with widths of ~50 /im and a small size with widths of ~2 /urn. 
The irregular surfaces of the large size crystals plus the fact that crys- 
tals could be dislodged during handling were probably the major sources 
for the scatter in chc high -contraction density data of Fig. 2. The fact 
both crystal types grew initially on the surface of the nodular of "kernel" 
structure of the as -received fiber can be seen by the scanning electron 
microscope (SEM/ photographs of Fig. 4. Such growth supports the pre- 
viously described low contraction model in that after the boron atoms 
diffused out of the sheath, they wandered along the surface until they 
nucleated to form crystals (7). 

The structure of at least the large crystals was identified as the 
a-rhombohedral phase of boron from the fact that the diffraction lines 
for this phase were found in X-ray powder camera data on whole fibers 
such as that in Fig. 4. Because the density of a -boron is approximately 
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2. 46 gm/cm (9), it would appear then that the fiber densification observed 
at high contraction was produced by formation of dense surface crystals. 
Because the large crystals were observed to grow deep into the boron 
sheath by consuming adjacent material, it follows that growth of the sur- 
face crystals was also the probable source for the high contraction strains 
above 0. 4%. The measured activation energy of 3. 1 eV might then be 
associated with the energy required to convert the amorphous boron to the 
crystalline o!-rhomboherdral boron. 

To obtain an overall perspective of the above results and discussion, 
one can examine Fig. 5 which is a plot of fiber density versus one-hour 
heat treatment temperature. Upon initial heating above 800° C the as- 
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received density decreases slightly due to boron atom diffusion out of 
the sheath and onto the fiber surface where they form small crystals 
of a -rhombohedral boron. With further increases in temperature, the 
decreasing density reverses itself and increases due to the fact that as 
the surface crystals grow in number and size, they begin to consume 
adjacent material below the surface layers. This produces a rapid den- 
sification (and contraction) toward a p value equivalent to ~2.52 gm/cm 3 
(a -boron plus core region). Near 1300° C, the a crystals convert to 
/3' -boron (8). Because X-ray diffraction data indicate that the amorphous 
lines remain up to 1500° C, the 1320° C fiber density is due to the /3 f 
and amorphous phases, microvoids and voids in the sheath, and the con- 
tribution from the tungsten boride core. Above 1500° C, the /3' and 
amorphous phases transform to /3-rhombohedral boron, the phase stable 
at high temperature. The 1700° C fiber density was slightly less than 

O 

2. 41 gm/cm , the theoretical density calculated from the core contribu- 

O 

tion plus the /3 -boron density of 2. 35 gm/cm (10). This result might 
be explained by sheath microvoids and the fact that the fiber passed 
through many transformation steps, a process known to produce a 
/3-boron phase slightly different than perfect /3-boron (8). The approxi- 
mate temperature regions for these transformation steps are indicated 
at the top of Fig. 5. 


Heat -Argon Method 

Table 2 lists contraction and density data for as-received 203 /im 
diameter boron fibers after heat treatment in argon gas. Four different 
treatment conditions were employed: pure argon/reactor, Ti-gettered 
argon/reactor, pure argon/furnace, and Ti-gettered argon/furnace. 

Each specimen was cleaned in methanol before heat treatment and before 
density measurement. Treatment -induced radial strains e r were mea- 
sured from the initial and final effective diameters as determined from 
fiber mass, length, and density. For the reactor -heated fibers, initial 
diameters were determined from non -heated portions at either end of the 
reactor. In contrast to the Heat -Vacuum results, the final diameter data 
were not hindered by process -induced structure since the surfaces of 
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fibers heated in argon showed no visible change from the as-received 
nodular structure. 

The first observation to be made from the Table 2 data is that 
purifying the argon gas significantly reduced the axial contraction. 

This result is clearly obvious in the furnace data where the same time- 
temperature conditions produced different e z . It is less, obvious in the 
Ti-gettered argon/reactor data where for the particular conditions, con- 
traction greater than 0. 2% is expected by extrapolation of pure argon/ 
reactor data at lower temperatures (1). The second observation is that 
the Heat-Argon method not only produced contraction in the axial and 
radial directions but also produced a decrease in fiber density. Thus 
fiber mass must have been lost either during the heat treatment or dur- 
ing the handling and cleaning procedures prior to the diameter and den- 
sity measurements. A third observation is that at least for the two cases 
studied, the Heat-Argon method apparently produced uniform dilitation 
of the fiber, that is, e z = e r . 

To explain the above observations, one might invoke a model in 
which during the Heat-Argon method boron atoms interacted with impu- 
rity gases in the argon, such as oxygen, to form a volatile phase at the 
processing temperatures and/or a solid phase which was completely re- 
moved during the subsequent cleaning in methanol. Loss of boron atoms 
from the large surface area of the fiber might then explain the diameter 
decrease but cannot account for the length decrease (unexposed fiber ends) 
or the fact of a density decrease. Thus the contractive e can again be 
explained by atomic relaxation around microvoids which were generated 
by boron atom diffusion to the fiber surface. This model is supported by 
the fiber density data which show a monotonic decrease with increasing 
axial contraction. Finally the equality of e and e suggests that the 
microvoids produced uniform contraction. Thus most of the magnitude 
of e r was probably due not to surface layer removal but to microvoid 
production in the sheath. 

The Table 2 data suggest that the driving force for microvoid produc- 
tion was the interaction between boron surface atoms and gaseous impuri- 
ties in the argon. That is, purifying the argon reduced the boron-impurity 
interaction rate, thereby resulting in a drop in microvoid production as 


manifested by a drop in axial contraction. This trend implies that if 
all impurities could be removed from the argon, no interaction should 
occur and no contraction should be observed. It seems, therefore, that 
impurity-free argon has a completely different effect on the fiber than 
impurity-free vacuum. A possible explanation might be that the presence 
of the gas inhibits either the boron atom surface diffusion or the crystal 
nucleation which occurs during vacuum heat treatment. 


Basic Implications 

Comparing the mechanistic models developed to explain contraction 
in vacuum and argon, one finds that in both cases contraction was pro- 
duced by boron atom diffusion to the fiber surface. As the atoms emerged 
from the bulk of the boron sheath, the fiber contracted because the remain- 
ing microvoids had a smaller volume than the boron atoms as they existed 
in the sheath. In addition, it appears that the source of boron atoms and 
the manner in which they reached the fiber surface were the same for both 
methods. Striking evidence in support of such a conclusion can be found 
in the SEM photographs of Figs. 6(a) and (b) which show the growth of visi- 
ble voids near the cores of fibers heat-treated in vacuum and argon, re- 
spectively. These results imply that boron atoms near the sheath-core 
interface somehow became involved in the surface processes which oc- 
curred during heat treatment. The exact physical mechanisms responsible 
for this behavior or the rapid diffusion by which boron atoms were able to 
participate in the surface phenomena have yet to be determined. Thus, at 
this time one can only speculate on these basic questions and offer possible 
models such as the following. 

Within the amorphous fiber sheath, there exist two types of boron 
atoms: tightly -bound (TB) and loosely -bound (LB). The TB atoms are 
located in the regular structure of the 12 -atom icosahedron, the structural 
subunit of all boron polymorphs. The LB atoms, which are not subject to 
the ordered constraints ol' the icosahedra, are located in regions of local 
disorder and thus are free to move rapidly through these regions. The 
high surface mobility of boron atoms (7) suggests that externai and internal 


surfaces within the sheath may be the disordered regions required for 
easy migration of the LB atoms. Thus, one might envision that at the 
start of the vacuum and argon heat treatments, LB atoms were migrating 
rapidly through all disordered regions of the fiber. Because proper con- 
ditions existed on the external fiber surface for nucleation and growth of 
ot-boron crystals or for interaction with gaseous impurities, the local 
concentration of LB atoms decreased as they were absorbed into new phase 
formation. To maintain the equilibrium concentration, additional LB 
atoms moved rapidly onto the fiber surface, emerging from Internal dis- 
ordered regions such as kernel boundaries, interstices between icosahe- 
dra, and the interface between the sheath and core. This resulted in con- 
traction due to microvoid formation within the sheath and near the core. 
Perhaps because there existed more disorder at the core interface, this 
region became the primary source of LB atoms. Thus, as contraction 
proceeded by the adsorption of LB atoms into surface phases, the number 
of microvoids increased with the highest concentration near the core inter- 
face. Eventually the microvoids coalesced to form the visible interfacial 
voids of Fig. 5 and possibly the dark regions along the kernel boundaries 
in Fig. 4(c). 

Inherent in the above model is the concept that a two-step atomic 
process had to occur before the axial contractions could be observed. 

The first step is the thermally -activated removal of boron atoms from 
the fiber surface; the second step is the thermally-activated diffusion of 
boron atoms within the amorphous sheath. In our first report (1), the 
activation energies controlling Heat -Argon contractions were measured 
to be ~1. 3 eV for contractions below 0.2% and ~0. 8 eV for contractions 
greater than 0.3%. In light of the LB boron model, these results suggest 
that the diffusion energy for LB atoms is si. 30 eV in the as-received 
boron sheath and ^0.8 eV in heat-treated sheaths which contain high con- 
centrations of microvoids. These relatively low energies support the 
concept of rapid boron diffusion during heat treatment since they imply 
measurable diffusion beginning as low as 200° C. 

Besides developing a possible model to explain the qualitative fea- 
tures of the thermal treatment results, one can also use the similarity in 
contraction mechanisms to derive basic quantitative information concern- 
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ing microvoid production and microvoid properties in the heat treated 
fibers. Consider, for example, the changes in volume that occur when 
a number of boron atoms N 1 are removed from within the bulk of the 
boron sheath and placed or: the fiber surface to form a surface phase X: 

Vj = V 0 + N'f2 x - yN'flg (1) 

Here V^ and Vq are the final and initial fiber volumes, respectively; 

is the atomic volume of the surface phase, ftg is the average atomic 
volume for the removed atoms as they existed in the sheath, and the pa- 
rameter y is a measure of the average change in fiber volume that oc- 
curs when bulk atoms relax around the microvoids formed by the re- 
moved atoms. Thus for no relaxation y = 0, and for complete relaxa- 
tion y - 1. Defining C f = N’/Nq as the concentration of removed atoms, 
one can rewrite Eq. (1) as 


V v o ■ 1 + C '[<P B / Px> ■ r] (2) 

where the equalities V Q = NqS^ and ^x/^B = were assumed. 

For the Heat -Vacuum method, it appears that the above theory for 

volume change could apply during the early stages of contraction where 

small surface crystals are formed by atoms from within the bulk rather 

than from the material in adjacent surface layers Since no fiber mass 

was lost during vacuum processing, Eq. (2) predicts that at low den- 

z 

sity should decrease according to 

Pl /p Q = 1 - C’[(p B /p a ) - y] (3) 

where pp pq, and p a are, respectively, the final fiber density, initial 
fiber density, and the density of the a-rhombohedral surface crystals. 

For the Heat -Argon method the interaction phase was removed so 
that = 0 and 

IV^/Mq = 1 - c’ 


(4) 
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where and Mq are the final and initial fiber mass, respectively. 
Thus for this processing method, density should decrease at low e„ 
according to 

p x /p 0 = 1 -C'(l -y) (5) 

If one neglects the small difference between p a and p B , Eqs. (3) 
and (5) indicate that at low contraction the density variation for the Heat- 
Vacuum and Heat-Argon methods should have the same dependence on C\ 
Assuming this to be the case and also a linear relation between the re- 
moved atom concentration and axial contraction, i.e. , 

C f = -xe z (6) 

it follows that 

Pl/p 0 = 1 + e z [X(l - y)] (7) 

where e_ is negative. Plotting the low strain data of Tables 1 and 2 
z 

against e_, one obtains the results shown in Fig. 7. Best fitting these 
z 

data to the linear dependence of Eq. (6), one finds that 

X(1 - y) = 1. 1±0. 5 (8) 

But for the Heat -Argon method uniform contraction can be assumed so 
that 

Vj/Vq = 1 - Cy = 1 + 3e z (9) 


Thus, 


X = 3/y = 4. 1±0. 5 


(10) 


and 


y = 0. 74±0. 09 
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The X result indicates that during initial processing by the Heat- 
Vacuum and Heat-Argon methods, atoms were removed from the boron 
sheath at concentration levels of about a factor of four larger than the 
magnitude of the axial contraction strain. Thus, for example, those 

n 

fibers whose strengths were increased from 4. 3 to 5. 5 GN/m by axial 
contractions of 0. 3%, the concentration of removal atoms was at least 
1 . 2 %. 

The y result indicates that there is a large relaxation of surround- 
ing material into the microvoid left by a removed atom. The original 
volume of the removed boron atom fig is reduced on the average by a 
factor of y } resulting in a microvoid volume of only 0. 26±0. 09 fig. 

By comparison, the volume of a vacancy in a copper lattice is ~0, 4 fi Cu 
(11), Defining C v as the volume fraction of microvoids in a contracted 
fiber, one finds that 


C v =(1 - r)C’ =(l.l±0.5)e z (12) 

This result implies, for example, a microvoid volume fraction of ~0. 9% 
for the heat-treated fiber of Fig. 6(b). If all the microvoids were assumed 
to be contained in the visible voids around the core, an annular ring of 
voids of ~5 jum thickness should be expected. The average thickness esti- 
mated from Fig. 6(b) is ~2 jam, indicating that the majority of microvoids 
existed within the bulk of the boron sheath. 

Recently Wawner (12) has observed a similar growth of visible voids 
at the sheath-core interface of 102 jam boron fibers heat-treated in vari- 
ous gaseous environments. Since these voids were accompanied by con- 
tractions up to 4%, it is believed that Heat -Argon mechanism of this study 
was also operating in Wawner results. Equation (12) suggests that micro- 
void volume fractions over 4% were produced in Wawner's fibers. 

During the chemical vapor deposition of boron fibers, large axial 
elongations occur which are a drawback to increased fiber production (12). 
Mehalso (13) has suggested that the mechanism responsible for elongation 
is boron atom diffusion from deposited layers into the sheath which con- 
tains a high concentration of "vacancies.” Atomic replacement of vacan- 
cies, which exist because of the rapid deposition conditions, produces a 
fiber volume increase and an axial elongation. In support pf this elonga- 


tion model, DiCar lo (5) has shown that the outer layers of the as- 
fabricated fiber have densities less than the average sheath density, 
suggesting a microvoid concentration gradient which decreases toward 
the core. The results presented here also support the Mehalso model 
in that they show that significant boron atom diffusion can occur within 
the sheath and that large volume changes are to be expected when a boron 
atom replaces a boron "vancancy. " In fact, in many respects elongation 
might be considered the exact opposite of contraction as observed during 
argon processing. 


Practical Implications 

In light of the proceeding results and discussion, let us now attempt 
to understand how the sheath mechanisms operating during heat treatment 
affect boron fiber strengthening. 

In our initial work (1) it was determined that the mechanical source 
of strength improvement was contraction of the total fiber and compres- 
sion of the tungsten boride core. In this present work it was determined 
that the physical source of fiber axial contraction was boron atom removal 
from the sheath accompanied by the production of a micro void with a much 
smaller atomic volume. The outward diffusion of boron atoms to the fiber 
surface produced a high concentration of microvoids near the core which 
eventually coalesced to form visible voids. Obviously, from a strength 
point of view, the growth of voids during secondary processing is an 
undesirable situation. When large enough, these voids can become flaws 
which induce fiber fracture at stresses lower then the fracture stresses 
associated with flaws within the compressed core. Thus, at some criti- 
cal contraction strain, the advantages gained by compressing the core 
can no longer be realized. 

'■¥ 

Determination of the critical contraction strain e„ by theoretical 

z 

means is difficult. Studies on the relation between flaw size and boron 

fiber fracture stress suggest that a critical void diameter of 1 /im 

o 

is required to initiate sheath fracture below 6 GN/m (14). Although in 
this work an equation relating e and microvoid volume fraction C , 
was developed, relationships between C y and the diameter of voids near 
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the core were not determined. For this reason it must be concluded 
that the practical limit of 0. 3% observed for the fracture strain increase 
is a good empirical value for e*. This conclusion is supported by the 

a 

observance that the low strength fracture sources for fibers contracted 
over 0. 3% were actually located near the core (1). Additional evidence 
can be seen in Fig, 6(b) where at €„ = -0. 8% the largest void diameter 
was measured to be ~3 iim , a value well in excess of the critical void 
diameter. 

From the above discussion it follows that the practical limit of 
0. 3% is a natural consequence of the contraction or strengthening pro- 
cess. Thus, for at least 203 fim boron fibers, secondary heat treating 

o 

techniques can produce fiber strengths only up to about 5. 5 GN/m . 

This would apply also to other boron on tungsten fibers if their fracture 
is core -initiated and their microvoid level after fabrication is about the 
same as that of the 203 i ± m fiber. As discussed in our first report (1), 
the heat treatment in argon technique appeared to be the more cost- 
effective method because only slight surface etches were required after 
processing and because contraction rates were rapid. The etching was 
needed to eliminate surface flaws in the as -received fiber and surface 
flaws introduced by the interaction phase. The observation in this study 
that contraction was controlled by gaseous impurities suggests that even 
faster processing rates can be achieved by increasing the impurity level 
of the argon. 

The basic method of improving boron fiber strength by heat -induced 
axial contraction appears to apply also to fiber surface environments 
other than vacuum and argon. For example, during secondary processing 
procedures to coat fibers with boron-nitride (15) and boron carbide (16), 
fracture stress histograms were uniformly shifted up to higher stresses 
by amounts which correspond to fracture strain increases of ~0. 2%. 

The results presented here suggest that during the high temperature coat- 
ing process, fiber contraction was probably occurring due to rapid boron 
atom diffusion through deposited layers of the coating phase. Also, during 
the heat treatment of boron/aluminum composities in the temperature 
range where boron and aluminum interact, increases in composite strength 
have been observed (17). Although improvements in interfacial bonding 
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may also have been occurring, it is possible that the boron fibers 
were contracting due to boron atom diffusion out of the fibers and into 
the aluminum matrix. In support of this, recently obtained internal 
friction data (18) suggest that during B/Al fabrication boron atoms do 
enter into the bulk of the matrix. Data indicating that the outward dif- 
fusion of boron atoms occurs in boron/titanium composities have also 
been obtained (19). Thus it is believed that due to the high mobility of 
boron atoms, boron fiber strengthening can be achieved in many high 
temperature environments as long as an interaction mechanism exists 
for removal of boron atoms from the surface. Obviously this strengthen- 
ing can be realized only if the interaction mechanism does not introduce 
any new low -strength surface flaws. 

SUMMARY 

The mechanical and physical mechanisms responsible for improving 
the strength of commercial 203 /im boron on tungsten fibers by heat 
treatment have been identified. Because fracture of these fibers is core- 
initiated, the mechanical mechanism is thermally -induced axial contrac- 
tion of the entire fiber and compression of the core region. Fiber frac- 
ture strain is thus increased by an amount equal to the axial contraction. 
The physical mechanism operating during fiber contraction is boron atom 
diffusion out of the boron sheath. Replacement of a boron atom with a 
boron microvoid results in a volume decrease as manifested by equal 
axial and radial contractions. 

In high vacuum processing, the driving force for boron atom removal 
appears to be the formation of surface crystals, hi argon gas processing, 
the driving force is probably the interaction between boron atoms and 
gaseous impurities in the argon. As the atoms leave the sheath they pro- 
duce microvoids with the highest concentration near the core. Eventually 
the microvoids nearest the core coalesce to form visible voids which, be- 
cause of their flaw type nature, limit fraction strain increases to 0.3%. 

Thus by heat treating in impure argon, which appears to be cost effective, 

o 

boron fiber strengths can be increased up to 5. 5 GN/m with a coefficient 
of variability of less than 5%. 
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TABLE 1 - HEAT-VACUUM METHOD: CONTRACTION AND 


DENSITY RESULTS 3- 


Treatment conditions 

Average axial strain 

C 7,’ 

% 

Average density 

P ’ 3 
gm/cm 

Temperature, 

°C 

Time, 

min 

As -received 

b 0 

c 2. 4099*0.0003 (3) 

1000 

6 

c -0. 144*0. 012 (3) 


1095 

6 

-0.255*0.020 (2) 

2.4085*0.0003 (1) 

1205 

6 

-0. 599*0. 043 (4) 

2. 4165*0.0003 (1) 

915 

60 

-0. 106±0. 022 (4) 


995 

60 

-0. 280*0. 018 (4) 


1090 

60 

-0. 670±0. 005 (2) 

2 . 42 3 7*0.002 4 (2) 

1185 

60 

-1.063*0.069 (4) 

2.5076*0.0010 (1) 

900 

600 

-0. 222*0. 014 (4) 

2.4083*0.0003 (1) 

995 

600 

-0. 751*0. 014 (2) 

2. 4374*0.0019 (2) 

1320 

60 


2. 3907*0.0031 (3) 

1700 

60 


2. 4041*0.0015 (2) 


Specimens were as-received 203 /im boron on tungsten fibers. 
b Axial strain of the as-received fiber was taken as zero. 
c Number in parenthesis indicates number of specimens 
employed for the measurement. 



TABLE 2 . - HEAT- ARGON METHOD: CONTRACTION AND DENSITY RESULTS 



Axial and radial strains of the as -received fiber were taken as zero. 
Number in parenthesis indicates number of specimens employed for 
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Figure 1. - Axial contraction produced In 203ym boron 
on tungsten fibers by heat treatment under high 
vacuum. 



Figure 2. - Dependence of fiber density on the axial contraction 
produced In 203ym boron on tungsten fibers by heat treat- 
ment under high vacuum. 
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Fiqure S. - Density ol ?03um boron on tunqsten libers alter 
J-hr heal treatment under hwgh vacuum. Also indicated 
are the approximate stability ranges lor the boron structure 
assumed to be responsible lor the density variation. 



Figure 6. - scanning electron microscope photograph, ot sheath voids 
near the cores ol ?03 pm boron on tungsten libers alter heat treatment 
(at under hiqh vacuum at I3?D 0 C and tb) under aroon at d00° C laiial 
contraction ol 0.8%). Appropriate maonilicJion lactors are (al 300 
and ibi 3000. 
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FIguro 7. * Dependence of fiber density on the axial con- 
traction produced In 703pm boron on tungsten libers 
by heat treatment under argon and high vacuum. 


